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Abstract
This articleexaminesthe impactof fixed effectsproductionfunctionsvis-a-visstochasticproductionfrontiers
on technical efficiency measures.An unbalancedpanel consisting of 96 Vermont dairy farmers for the
1971-1984period was used in theanalysis.The modelsexaminedincorporatedboth time-variantand time-
invarianttechnicalefficiency.The majorsourceof variationin efficiencylevelsacrossmodelsstemmedfromthe
assumptionmadeconcerningthedistributionof theone-sidedtermin thestochasticfrontiers.In general,the
fixed effectstechniquewas foundsuperiorto thestochasticproductionfrontiermethodology.Despitethe fact
thattheresultsof variousstatisticaltestsrevealedthesuperiorityof somespecificationsoverothers,theoverall
conclusionof thestudyis thattheefficiencyanalysiswasfairlyconsistentthroughoutall themodelsconsidered.
Keywords: Productionfunctions,stochasticfrontiers,fixed effects,technicalefficiency,paneldata
1.Introduction
The relianceon productionfunctionsto analyzefirm levelefficiencydatesbackat least
to anarticlepublishedby Earl Heady(1946)almost50yearsago.Sincethisearlywork,a
greatdealof progresshasbeenmadein efficiencymeasurementvia productionfunctions.
Two specific methodologiesthathavebeendevelopedand used for this purpose,and
whicharethefocusof thisarticle,arethefixedeffectsmodelandthefrontierproduction
function.Both modelshavebeenusedextensivelyin theempiricalanalysisof technical
efficiency.
The fixed effectsmodelwas introducedby Hoch (1955)andextendedby Hoch (1958,
1962)andMundlak(1961,1978).Althoughthefixedeffectsis a relativelyold methodol-
ogy,therehasbeencontinuedinterestin itsuse,asevidencedbytheworkof Hoch(1976),
DawsonandLingard(1982),TurveyandLowenberg-DeBoer(1988),andSeale(1990),
amongothers.The productionfrontiermethodologywas initiatedby Farrell in a path-
breakingarticlepublishedin 1957.A decadelater,Aigner andChu (1968)introduceda
deterministicparametric(Cobb-Douglas) frontier model which they estimatedusing
mathematicalprogrammingtechniques.A deficiencycharacterizingthesedeterministic
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modelsis theirsensitivityto outliers.This deficiencywassolvedbyAigner,Lovell, and
Schmidt(1977)and by Meeusenand van denBroeck (1977),who introducedthesto-
chasticfrontiermodel.
In thefixedeffectsmodel,which requirespaneldatafor estimation,dummyvariables
areintroducedto accountfor individualfirm effects.By comparison,thestochasticpro-
ductionfrontiermodel, initially developedfor and primarilyappliedto cross-sectional
data,assumesan errortermthathas two additivecomponents:a symmetriccomponent
whichaccountsfor purerandomfactors,anda one-sidedcomponentwhichcapturesthe
effectsof inefficiencyrelativeto thefrontier.I
Initialrefinementsof thestochasticfrontiermodel,madebyPittandLee(1981)andfol-
lowedby SchmidtandSickles(1984)andBatteseandCoelli (1988),includedtheaccom-
modationof balancedpaneldataassumingthattechnicalefficiencywastime invariant.
Thesemodelshavebeenfurtherextendedby Battese,Coelli, andColby (1989),andSeale
(1990)soasto handleunbalancedpaneldata.More recently,modelsthatallowefficiency
to varyovertimefor bothbalanced(Kumbhakar,1990)andunbalancedpanels(Battese
andCoelli, 1992)havebeenintroduced.The currentstateof theart in thisareaof work is
the(one-step)estimationof theusualstochasticfrontierparametersin conjunctionwith
the parametersof variablesintroducedto explainefficiency(Kumbhakar,Ghosh, and
McGuckin, 1991;BatteseandCoelli, 1993).2
The firm-specificdummyvariablesin thefixedeffectsmodelwereinitially interpreted
asa managementindex,butmorerecentlysomeauthorshavearguedthatthefirm effects
canbe construedas a measureof technicalefficiency(Hoch, 1976;RussellandYoung,
1983).Consequently,thereis a clear link betweenthefixed effectsmodelandthemore
recentstochasticfrontiermodelsfor paneldata.A crucialdifferencebetweenthesetwo
approaches,however,is thatthefixedeffectsmodelallowscorrelationbetweentechnical
efficiencyandtheotherexplanatoryvariables,whereasthe frontiermodelrequiresthe
explicit assumptionthattechnicalefficiency is uncorrelatedwith the otherregressors.
Moreover,Mundlak(1961)showedthatthefixedeffectsapproachleadstoparameteresti-
matesthatarefreeof managementbias,henceovercomingtheomittedvariableproblem
discussedby Griliches (1957). In addition,Hoch (1962)demonstratedthat the fixed
effectsmodelmitigatesandmightevenavoidthesimultaneousequationbiasassociated
with single-equationproductionfunctionmodels.
The impactthatthechoicebetweenthefixed effectsandthefrontiermethodologyhas
on efficiencyrequiresexamination.Therefore,theobjectiveof thisarticleis to compare
theimpactof fixed effectsandstochasticproductionfrontiermodelson technicaleffi-
ciency measures.Severalfeaturesof thesemodelsare also investigated.The specific
hypothesestestedconcernthe following issues:(1) significanceof firm effects;(2)
returnsto size;(3) functionalform: Cobb-Douglasversusa simplifiedtranslog;(4) dis-
tributionof theone-sidederror termin thestochasticproductionfrontiers:half-normal
versustruncatednormal;(5) time-variantversustime-invariantechnicalefficiency;and
(6) correlationbetweenefficiency and otherregressors(i.e., fixed effectsversussto-
chasticfrontier).
The remainderof this article is organizedinto five sections.Section2 developsthe
methodologicalframeworkemployed,andsection3 givesa brief discussionof the data
ande
resul1
nativ,
2.AI
This
men
singl
mizt
anti(
equ~
Kml
MOl
Sid
mo(
T
fun'
ciel
wh
be
zeI
ch:
ica
TECHNICAL EFFICIENCY MEASURES FOR DAIRY FARMS 401
andempiricalmodel.Section4 containstheefficiencyanalysis,andsection5 presentsthe
resultsof thevariousstatisticaltestsundertakento evaluatetheperformanceof thealter-
nativespecificationsunderstudy.The articleendswith someconcludingremarks.
2.Analytical framework
This sectionpresentsthekey characteristicsof thefixed effectsand stochasticfrontier
methodologybasedonsingle-equationproductionmodels.The econometricestimationof
single-equationproductionmodelshasbeenjustified by assumingthatproducersmaxi-
mizethemathematicalexpectationof profitsor thatprofitsaremaximizedwith respecto
anticipatedoutputinsteadof realizedoutput.Given this assumption,the simultaneous-
equationbiasoftenassociatedwith single-equationproductionmodelsis avoided(Zellner,
Kmenta,and Dreze, 1966;Hoch, 1958, 1962;Kumbhakarand Hjalmarsson,1993).
Moreover,in a Montecarloevaluationof alternativeestimatorsof efficiency,Gong and
Sickles(1989)foundthata single-equationmodelperformedbetterthana multi-equation
model.
The first modelconsideredin thisarticle is a fixed effectsCobb-Douglasproduction
function,incorporatingsmoothtechnologicalchangeand time invarianttechnicaleffi-
ciency,whichcanbewrittenas
InYil = a +I YiDi +I bk lnXkil + t;T +ViI'
k
(I)
wherei, t andk aresubscriptsfor firms, timeandinputs,a, Yi, bk andt;areparametersto
beestimated,Y is output,Di is a dummyvariablehavinga valueonefor theith farmand
zerootherwise,Xk are inputs,T is a smoothtimetrendthataccountsfor technological
change,andViI is theusualdisturbanceterm.Using dummyvariablesto modeltechnolog-
icalchange,(I) canberewrittenas
InYir = a +I YiDi +I bklnXkil +I t;PI +Vir'
k (
(2)
whereCI is a dummyvariablehavinga valueof onefor thetthtimeperiodandzerooth-
erwise,andt;1areparametersto beestimated.
An alternativefunctionalform usedin thisstudyis thesimplifiedtranslogmodel
InYil = a +I YiDi +I bklnXkit +I ~klnXkil T + t;T +J..T2 +ViI
k k
(3)
whichassumesthatinputsareseparablefromeachotherbutnotfrom time(Fan, 1991).
This simplifiedform is estimatedinsteadof thefull translogmodelbecausethelatter,as
is oftenthe case(e.g.,Cornwell, Schmidt,and Sickles, 1990),presentedmajormulti-
collinearityproblems.
The measuresof technicalefficiencyfor eachfarm,usingthemodelsin equations(I)
to (3),canbecalculatedas
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exp ()j)
TEi =
max [exp (Y;) ]'
(4)
wheremax[exp(Y;)] is thehighestpredictedvaluefor theith firm.
The assumptionthattechnicalefficiencyis time invariantcanbe relaxedby allowing
farm-specificeffectstovaryovertime,assuggestedbyMundlak(1978).To measuretime-
varianttechnicalefficiency,(I)and(3) canbeestimatedin twosteps(Cornwell,Schmidt,
andSickles, 1990;KumbhakarandHjalmarsson,1993).In thefirst step,(1) and(3) are
estimatedto obtainconsistentestimatesof bk, ~k' S, andA..In thesecondsteptheresidu-
als fromthefirst step,~I' which includefarm-specificeffects(uil = Y; + PiT) aswell as
theusualerrorterm(ViI)' areregressedas
TJ
3. Data
whereViI is iid N(O,0-2,,).The expression1i +piT obtainedfromtheestimatesof (5)yields
theefficiencyindicator~Iil(FecherandPestieau,1993).Technicalefficiencyat eachdata
pointis thencalculatedas
wheremax[exp(~II)]is thehighestpredictedvaluein thetthperiod.
Now, consider the following three stochasticproduction frontier models: (1) a
Cobb-Douglas(CD) with smoothtechnologicalchange;(2) a CD with dummyvariables
toaccountfor technologicalchange;and(3)asimplifiedtranslog(STL) withsmoothtech-
nologicalchange.Thesemodelscanbewritten,respectively,as
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The termViI in (7), (8)and(9) is assumedto be independentandidenticallynormallydis-
tributedwith meanzeroandconstantvariance[ViI ~ N(O, o-D], while £IiIfollowsa non-neg-
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whichobservationsfor theith (farm)are obtained"(BatteseandCoelli, 1992,p. 154).
Technical efficiency increases, remains constant or decreasesover time, when
11>0, 11 =0 or 11<0, respectively.
Equations(7), (8) and(9) are estimatedusingtheprogram"FRONTIER" writtenby
Coelli (1992).This programfirst estimatesmaximumlikelihoodparametersof themodel,
andthenusestheseestimatesto calculatetechnicalefficiency(TE it> ateachdatapointas
(II)
3. Dataandempirical model
The datafor this studycomesfrom 96 Vermontdairy farmsparticipatingin theNew
EnglandElectronicFarmAccountsProgram(ELFAC) from 1971to 1984.The numberof
observationsavailableper farmvariesfroma low of six to a highof 14.Poolingthe96
farmsyieldsa totalof 1072observations.
In theproductionfunctionmodels,output(Y) is theannualmilk producedperfarmmea-
suredin hundredweights,andtheinputsare:(1)numberof dairycows(Xz); (2) totallabor
(XI)' includinghiredand family labor,measuredin workerequivalents;(3) purchased
dairyconcentratefeed(J0), measuredin tons;(4) animalexpenses(Xs)' consistingof vet-
erinarymedicine,breeding,andanimalsupplies;(5) cropexpenses(Xc), comprisingfer-
tilizer,seed,spray,lime, repairs,andmaintenanceon machineryandequipment,andgas
andoil; and(6) otherfarm expenses(Xn,), includingelectricity,hauling,miscellaneous
expenses,anddepreciationon buildingsandequipmentset at 3 and 15%of the stock
value,respectively.In addition,themodelsincorporateeithera smoothtimetrend(7) or
timedummies(Tj, i = 2,3,... 14) to accountfor technologicalchange.Table I shows
descriptivestatisticsfor thedependentandindependentvariablesandfor milk production
percow (Y/Xo) for the 1971-1984period,andseparatelyfor thefirst (1971)andlastyear
(1984)includedin thedataset.
4. Efficiency analysis
This sectionpresentstheresultsof ninemodelswhichwereestimatedassumingthateffi-
ciencyis timeinvariant,andeightmodelsin whichefficiencyis assumedto betimevari-
ant.To simplifytheexposition,themodelsarenumberedasshowninTable2.
4.1.Time-invariantechnicalefficiency
Six of the nine time-invariantefficiency modelsuseda Cobb-Douglas specification
(Model I to ModelVI); theotherthree(ModelsVII, VIII andIX) arebasedon a simpli-
fied translog.Statisticalresultsfor theninemodels,presentedinTable3, showquitesim-
ilarparameterestimates.The functioncoefficientsinall of thesemodelsweregreaterthan
one,indicatingincreasingreturnsto scale.3The functioncoefficientsfor thefixed effects
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TableI. Descriptivestatisticsfor a sampleof Vermontdairy farms.
Table.
Standard
No. of
Variable
AbbreviationsMeandeviationMinimumMaxf rmsM de
Period: 1971-1984
Tim ·
Milk (100 Ibs.)
Y8813.55045.0268.63 370.010 2
Cows ( umber)
X_64.2 47 3217.1072
T. Labor(W Eq.)
XI.1.2.29.107
Conc. Feed(Ton
XI5 911 9.19
Animal Exp. ($)
s0 6 746
rop Exp. ($)
c3 46 9
Other armExp.
Xm5 932
Milk/C w 100 Ibs)
Y/X_23.990 3
Year: 1971
TimMilk (100Ibs.)
7 554 45 .07 .
Cows (Number)
z38 .77
Mac
T. Labor (W Eq.)
3 8.77
nc. Feed(Ton)
7 5
Animal .
89
rop Exp. ($)
8
Other r Exp. ($)
I11
8
Milk/Cow 100Ibs
86 0
Year: 1984 Milk (100Ibs)
96 4 4 20
( r)
1FUJ
T. Labor(W Eq.)
r<
Can. Feed(Ton)
Tel
Animal Exp. ($
786 Ef
rop Exp. ($)
9
1.lOtherFarmExp. ($) I I
61 38
si,
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Table2.
Major characteristicsof modelsusedin theanalysis.
Functional
T chnologicOne-sided
Model
formEstimatorchangeterm
Time-invariantefficiency
Model
I CDFESM
II
DU
I
SFH
IV
T
V
N
II
TLF
V II
F
XTime-variantefficiency
la
l al.liaaaila il a
FunctionalForm
CD: Cobb-Dou lasTL: impl fiedTranslog
FrontierSpecification
FE: FixedEffectsSF: StochasticFrontier
TechnologicalChange
SM: SmoothD : D my
EfficiencyDistribution
HN Half-N rm lTN Trunc tedonnal
IThis modelis notestimatedbecausetheinteractionbetweenfirm- andtime-specificdummiescreatesanexces-
sivenumberof parameters.
totheSTL specification,while holdingotherfactorsconstant,leadsto thesameaverage,
minimum,andmaximumtechnicalefficiencymeasures.This resultis compatiblewiththe
argumentmadeby Good etal. (1993)andMaddala(1979)thattechnicalefficiencymea-
suresdonotdependon functionalform. Model II,whichusestime-specificdummyvari-
ables,alsoprovidestechnicalefficiencymeasuresverycloseto Models I andVII.
ModelsIII,V,andIX arestochasticproductionfrontierswheretheone-sidederrorterm
followsa half-normaldistribution.By contrast,theone-sidederrortermin theotherthree
stochasticfrontiermodels(Iv,VI andVIII), is assumedto follow a truncatednormaldis-
tribution.Models III, V, and IX providealmostidenticalaverage(0.86)aswell as mini-
mum(0.60)andmaximum(0.99)technicalefficiency indices.In comparison,average
technicalefficiencyfor Models IV,VI, andVIII is 0.76,with a minimumof 0.55anda
maximumof 0.96.
The comparisonbetweenthefixed effectsmodels(Models I, II, andVII) andthesto-
chasticfrontiers,wheretheone-sidederroris truncatednormal(Models IV,VI, andVIII),
showsthatbothformulationsyieldverysimilaraveragetechnicalefficiencies,a resultthat
is in agreementwith thatof Hughes(1988).By contrast,theaveragetechnicalefficiency
measuresusingstochasticfrontiermodelswith a half-normaldistributionfor the one-
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Table3. Parameterestimatesfor thetime-invariantechnicalefficiencymodels.
Table4.
Variable/parameter
Model
Model
II
IIIVV IIVX Cobb-Do
Intercept
4.289a4.293a4.811a.7844316366a
Model
Model
X_
0.7740 7 6b0. 790S908S ModelXI
011.0 20O OI b320
XI
1 Sa1 72 l
s
02S96
o ec
334- . 47- 8- .
SimplifieXIII
OS3O.oso7ege
d lTime
O. loO.Oloalo 0.023ba0 Mo el2
-0.012-0.010. 1
Model3
64a 6 a9
T4
43 3ba
S
9 06
6
0. 316 (Model
T7
2 9 sentsaT8
738S
thepar9
0e
TIO
OS a67a To e
TII
6SO. 7 steppI
T12
6 fixed (
3
bo.ossa ualsfr
TI4
849S
ables,T*T
O.OOlbo oooeo o o
X_*T
-ooose- Conse
XI*T
0.002. 2 only 7
/T
8aa just<
Xs*T
0. 02The
Xc*T
13a
XIII*T
1 respol
thest,k2
.9696 0.96techni
LLF
806812 33 r sult
u =u/+u,/
0.043a0.019aTh(
11
270
VIla)17 averaaSignificantat 1%.
them
b S . Va, \JeSignificantat 10%. LLF =Log Likelihood Function.
cienc
one-~sidederrorterm(Models III, Y, andIX) areabout10percentagepointshigherthanthe
nical
averaget chnicalefficienciesfor theothersix models.
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Table4.
Descriptivestatisticsfor time-invariantechnicalefficiencymeasures.
Model
MeanStandarddeviationMinimumMaximum
Cobb-Douglas(CD)
Modell
0.7670.0820.5311.0
Model II
241
I
8 1766 00.99
l V
405355
o e V
0789991
I
14
SimplifiedTranslog(STL) VII
9
II
66
IX
595
(Modelsla toVIa) andtheotherthreeareSTL (ModelsVIla to IXa).6Again,Table2 pre-
sentsa morecompletedescriptionof thekeyfeaturesof eachmodel,andTable5 shows
theparameterestimates.
To estimatetime-variantechnicalefficiencyindicesfor Models la andVIla, thetwo-
stepprocedureis adopted.In thefirst step,parameterestimatesareobtainedusingthe
fixedeffectstechnique,aswasdonefor Models I andVIP In thesecondstep,theresid-
ualsfromthefirst stepareregressedonanoverallconstant,95farm-specificdummyvari-
ables,and the interactionbetweenthe farm-specificdummiesand the time variable.
Consequently,a totalof 191parametersareestimatedin this secondstep.Of this total,
only73 in Model la and62 in Model Vila aresignificantatthe 10%levelor better.The
adjustedR2 for bothmodelsis about0.60.8
Theparameterestimatesfor thestochasticfrontiermodelswerealsoidenticaltothecor-
respondingmodelswheretechnicalefficiencywasassumedtobetimeinvariant.However,
thestandarderrorsof mostof theestimatesfor thestochasticmodelsundertimevarying
technicalefficiencywerehigherthanfor theinvariantcase.Thus, higherstandarderrors
resultedin nonsignificanceof someof theparameterestimates.
Thetechnicalefficiencymeasuresateachdatapointfor thefixedeffectsmodels(Ja and
VIla) arecalculatedfollowing the sameprocedureusedin thetime-invariantcase.The
averagetechnicalefficiencyfor Models la andVIla is 0.76withamaximumof 1.00,while
theminimumfor Model Ia is 0.47andfor ModelVIla is 0.50(Table6). ModelsIlIa, IVa,
Va,VIa, Villa, and IXa arestochasticproductionfrontiers.The indexof technicaleffi-
ciencymeasuresfor thesemodels,asdiscussedearlier,is calculatedas theantilogof the
one-sidederrortermusingequation(I I). The resultsinTable6 indicatethataveragetech-
nicalefficiencyfor Models J1JaandVa is 0.86with a minimumof 0.59anda maximum
of 0.99.Theaveragetechnicalefficiencyfor ModelsIVa andVIa is 0.76witha maximum
of 0.95.The minimumsfor Model lVa andVIa are 0.55and0.54, respectively.Model
Villa, a STL specification,showsanaveragetechnicalefficiencyof 0.76rangingfroma
minimumof0.54toamaximumof 0.96.Model IXa, alsoaSTL, exhibitsanaveragetech-
nicalefficiencyof 0.85with a minimumof 0.59anda maximumof 0.99.In general,the
resultsinTable6 revealfairlystableannualaveragetechnicalefficiencymeasuresoverthe
periodunderanalysis.
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Table5. Parameterestimatesfor thetime-varianttechnicalefficiencymodels.
Table6. [
Variable/parameter
ModelYear
la
IliaIVaViailaillaIX
Intercept
4.2894.812a7854.844. 4.617a4.660a1971
X_
0.774a0 780 90a. 087550 732 2
XI
010 403 b0. 80. 2131
1973
1974Xr
1 51991 12 9672
\975
s
601O Olo04 1976
Xc
337b. a6c- 4- . 38b- . 1977
III
535 3. 4 c0. 3 c 1978
Time
O.Olo 0.023b\979
2
-0.010- 0 1 1980
T3
6 &\
4
341982
T5
73
6
0. 12
1984
T7
Mean
8
30cStand:
T9
28Minin
IO
653
axil
TII
TI2
a
3
51indi,
TI4
O. 9f ll
*T
O.OOlb00 pro'
X_*T
0 005c S
X,*T
-.0 22 aga
X[*T
-0 8a9 tive
s
22 Clel
Xc*
13afro
III
. hal
k2
0. 69 0.96 rar
LLF
8068 782 84\ cal
u2=u,,2+uu2
0.042aa. 3 .02 3wI
1.1
076 .277a
'1
. 03-0.0 41
fo
aSignificantat 1%.
fa
b i ifica tat 5 .
B
CSign ficantat 10%.
alLLF =Log Likelihood Function. a:
4.3.Technicalefficiencycomparisons
(l
aTo compareth ranki gsof technicalefficiencymeasuresresultingfromall modelspeci-fications,Spearmanrankcorrelati coefficientsarecalculated(Table7). A totalof 36
{
pairwisecorrelatio co fficientsamongthe varioustime-invariantechnicalefficiency
!
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Table 6.Descriptivestatisticsof time-varianttechnicalefficiencymeasures.
Year
ModelModelModell
la
iliaIVaViVilillaIX
1971
0.7620.8697 38. 1577. 0
1972
42
345
6
6
57
78
04
9
81
80
55
1
479
Mean
.
Standarddeviation
0908
inimum
4 859404
axi u
1. 009 61 01
indicesarecalculated,out of which 16areequalto 0.99.The remaining20 coefficients
fall betweentherangeof 0.91to 0.98.Thesevaluesindicatethatall ninespecifications
providealmostthesametechnicalefficiencyrankings.
Spearmanrankcorrelationcoefficientsfor thetime-variantechnicalefficiencymodels
againshowa strongassociationamongtheefficiencymeasuresarisingfromthealterna-
tivespecifications.The overallcomparisonof themagnitudesof thesecorrelationcoeffi-
cientsshowsarelativelyweakassociationamongthetechnicalefficiencyindicesobtained
fromthefixed effectsmodels(i.e., Ia andVIla) andfromthestochasticfrontierswith a
halfnormallydistributedone-sidederrorterm(i.e., lIla, Va,andrXa).Thesecorrelations
rangefrom0.85to 0.88.By contrast,theassociationis muchstrongeramongthetechni-
calefficiencyindicesof thestochasticfrontiermodels(lIla, IVa, Va,VIa, VIlla, andIXa),
wherenocorrelationcoefficientis lessthan0.98.
The averageefficiencyindicesreportedin this articlearewithin theboundsof those
foundin otherstudiesof dairy farmefficiency.Using cross-sectionaldatasetsfor dairy
farmsin NortheasternUnitedStates,Bravo-Ureta(1986),TauerandBelbase(1987),and
Bravo-UretaandRieger(1991)estimatedaverageefficiencyindicesequalto 82%,69%,
and83%,respectively.Othercross-sectionalstudiesof dairyoperationshavefoundaver-
agetechnicalefficiency levelsequalto 72% for farms in thecontinentalUnitedStates
(Kumbhakar,Ghosh,andMcGuckin, 1991),65% for Utah farms(Kumbhakar,Biswas,
andBailey, 1989),77% for Ecuadoreanfarms, 81% for farms in Englandand Wales
(Dawson,1987),and 90% for farms locatedin centralArgentina(Schilderand Bravo
Ureta,1993).More recently,KumbhakarandHeshmati(1995),usingpaneldatafor asam-
pleof Swedishfarms,reportedanaveragelevelof technicalefficiencyequalto 85%.
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Table 7.Correlationcoefficientsfor time-invariantandtime-varianttechnicalefficiencymeasures.
Time invariant
IIIIIVVVIIVIX
Modell
1.00
Model II
0.991.00
Model III
0.991.00
Model IV
420.94
ModelV
897
ModelVI
1396
ModelVII
76
ModelVIII
31.
Model IX
50.97
Timevariant
laliaaaiill alX
la
ilia
86
IVa
8
VaViaVIla
888
VIllaIXa
5
ote:All coefficientsaresignificantat the I% level.
5.Evaluation of models:somestatisticaltests
. This sectionsummarizesthe resultsof statisticaltestsconductedto evaluatevarious
hypothesesimbeddedin themodelsestimated(Table8).Basedontheresultsof thesetests,
OLS estimatesexcludingfarm-specificeffectswererejectedin favorof fixed effectsand
stochasticfrontiermodels.The CD functionalformwasrejectedfor bothfixedeffectsand
stochasticfrontierformulationsin favorof theSTL specification.However,theresultsdis-
cussedaboveimplythattechnicalefficiencymeasuresdonotappearto beaffectedby the
choiceof functionalform.
The stochasticfrontiermodelincorporatinga halfnormallydistributedone-sidederror
wasrejectedwhentestedagainsthestochasticproductionfrontierwhichassumeda trun-
catednormaldistribution.This testleadsto theconclusionthatthehalf-normaldistribu-
tionfor theefficiencycomponent,whichhasameanequaltozero,is toorestrictivefor the
databeinganalyzed.Moreover,theefficiencyanalysisindicatesthattheassumptioncon-
cerningtheone-sidederrordoeshaveimportantimplications.
Likelihoodratiotestsshowedthattechnicalefficiencydoesnotvaryovertimefor the
stochasticfrontiermodels.By contrast,statisticaltestsrevealedthattechnicalefficiency
measuresdo varyovertimefor thefixed effectsapproach.To resolvetheseconflicting
results,a Hausman(1978)specificationtestwasperformedto evaluatetheperformance
of the stochasticfrontiertechnique,which assumesindependencebetweeninputsand
technicalefficiency,vis-a-vis the fixed effectsapproach,wheretechnicalefficiency is
allowedto becorrelatedwith theotherregressors.The stochasticfrontierapproachwas
stronglyrejectedagainstthefixedeffectsmethodology.This resultimpliesthatthefarm-
Model
anI
Ie\!
WI
ob
( I'
co
th
es
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Table 8. Specificationtestsfor alternativeproductionmodels.
Model
Null hypothesisFvalueFcrit.X2 valueX2 crit.Reject
Fixedeffectsmodels
o farm-specificeffectsModell
b; = 08.71.32 Yes
Model II
10.11.32
VII
0
Constantreturnsto size Modell
"Lbk = 14 8.2.84 93 5 "Lbk = I and"LSk= 0239.000
Cobb-Douglasvs.modified translog I vs.VII
Sk = A = 0.52.64
Timevarianttechnicale ficiency o el la 2ndstep
Pit3 5
o el Ila 2 dstep
2 86
Stochasticfrontiersmodels OLS vsstochasticfrontierV
Y=lI=O 381.69Yes 402
I
98 1I 16.3.6
l
23..
II
96.89
. VI vs.VIII
4 .018.5
Half-normalvs.truncatednormaldistribution l X
j O 2 .1
i ri t i l ffi i III vs.Villa
') 0 0.16 No
X vs. IXa
6
Fixedeffe tvs. tochasticfrontiermodels Model V
(X' ) 4 3
o e vs.VII
5 91Yes
specificeffectsareindeedcorrelatedwith theinputsusedin themodel;thus,if thiscor-
relationis notaccountedfor, theparameterestimatesarebiased.
Giventhattheresultsof thestatisticaltestsperformedsuggestedthatthepreferredspec-
ificationis thefixedeffectstime-variantmodel,Spearmanrankcorrelationsarecomput-
edbetweentechnicalefficiencyandherdsizeandinputusepercow,basedon Models la
andVila. The results,presentedin Table9, showa negativeandsignificant(at the 1%
level)correlationbetweenherdsize andtechnicalefficiency.This finding is consistent
withthoseof Bravo-Ureta(1986),andByrneset al. (1987),butconflictswith theresults
obtainedby Kumbhakar,Biswas, and Bailey (1989),and by Bravo-Uretaand Rieger
(1991).The resultsshowa significantpositiverelationshipbetweenconcentratefeedper
cowandotherexpensespercow,while theassociationbetweentechnicalefficiencyand
theper-cowlevelfor theotherthreeinputs(i.e., labor,animalexpenses,andcropexpens-
es)is generallyweak.
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6. Concluding comments
This articleexaminedtheimpactof fixed effectsproductionfunctionsandof stochastic
productionfrontierson technicalefficiencymeasuresusinganunbalancedpanelconsist-
ingof 96Vermontdairyfarmersfor the 1971-1984period.The stochasticfrontiersincor-
poratedeithera half-normalor a truncatednormaldistributionfor theefficiencycompo-
nent.The Cobb-Douglasanda simplifiedtranslogfunctionalformswereused,assuming
eithera smoothtime trendor time-specificdummyvariablesto model technological
change.Thesemodelsincorporatedbothtime-variantandtime-invariantechnicaleffi-
ciency.
The fixedeffectsandtruncatednormalone-sidederrortermmodelsyieldedveryclose
averagetechnicalefficiencymeasures-around77%-for boththetime-variantandtime-
invariantcases.In contrast,thehalf-normalone-sidederrortermmodelsyieldedaverage
technicalefficiencymeasuresaround86%.Theseefficiencyestimatesarewell withinthe
boundsof thosereportedin otherstudiesof dairyfarms.
Variousstatisticalhypothesiswerealsotested.The resultsof thesetestsleadto thefol-
lowingconclusions:(I) thefarm-specificeffectsweresignificantly'differentfrom zero,
whichsupportsthefixedeffectsformulation;(2) theCobb-Douglasfunctionalformwas
rejectedin favorof thesimplifiedtranslog;(3) theone-sidederrortermin thestochastic
frontiermodelsfolloweda truncatednormaldistribution;(4) thestochasticfrontiermod-
els revealedthattechnicalefficiencyis timeinvariant;(5) fixed effectsmodelsindicated
technicalefficiencywastimevariant;and(6) farm-specificeffectswerecorrelatedwith
the inputsincludedin the productionfunctions.Thus, the fixed effectstechniquewas
foundsuperiorto thestochasticproductionfrontiermethodology.
Althoughthestochasticfrontierspecificationwas rejectedbasedon variousstatistical
tests,theparameterestimatesandefficiencyrankingsfrom thesemodelsaresimilar to
thoseobtainedfromthefixed effectsmodels.Moreover,thestochasticfrontierassuming
a truncatednormaldistributionfor theefficiencytermgaveaveragetechnicalefficiency
measures,inboththetime-variantandtime-invariantmodels,veryclosetothoseobtained
fromthefixed effectsmodels.Hence,our overallconclusionis thatdespitethefactthat
thestatisticaltestsperformeddid indicatethesuperiorityof somespecificationsoveroth-
Table9. Correlationcoefficientsbetweentechnicalefficiencyand
herdsizeandpercow inputs.
ers,th
interes
seriou
Ackn
The a
anon)
retari
ContI
Note
5.
6.
7.
Items Technicalefficiency
(Model Vila) (Model la)
S.
Herdsize
Feedpercow
Labor percow
Animal expopercow
Crop expopercow
Otherexpopercow
-0.20a
O.4Sa
0.01
O.OSb
0.04
0.20a
-0.23a
O.4Sa
-0.02
0.03
0.03
0.19a
aSignificantat the I% level.
bSignificantat the 10%level.
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ers,theefficiencyanalysiswas fairly consistentthroughoutthemodelsconsidered.An
interestingimplicationis thattherelativelyold butsimplefixedeffectsapproachdeserves
seriousconsiderationwhenexaminingtechnicalefficiencywith paneldata.
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Notes
I. Forrecentreviewsof methodologicalissuesconcerningfrontiermodelsseeBauer(1990),Lovell (1993),and
Seiford andThrall (1990). Reviews of applicationsof frontier methodologyto agricultureare found in
Baltese(1992)andBravo-UretaandPinheiro (1993).
2. Recentapplicationsof frontier methodologyto agricultureusing panel data include Baltese and Coelli
(1992),Kalirajan(1991),andKumbhakarandHjalmarsson(1993).
3. Thefunctioncoefficientsfor Models I throughIX are,respectively:1.11;I. I 5; 1.04;1.08;1.06;1.11;1.11;
1.08;and 1.04.The lastthreefunctioncoefficientsarefor STL models,andarecalculatedatthemeanof the
data.The functioncoefficientsfor thetime-varianttechnicalefficiencymodels(Models la-IXa, discussedin
thefollowingsubsection)arethesameasthoseobtainedfor thecorrespondingtime-invariantmodels.
4. The time-variantefficiency modelswerealso estimatedrestrictingtheparametersassociatedwith timeto
zero.In all casesthehypothesisthattheseparametersareequalto zero is stronglyrejected,a resultthatis in
contrastwith the findingsof SalteseandCoelli (1992).
5. The fixedeffectsmodelwith time-specificdummyvariables(Model lla) is notusedto calculatetime-vari-
anttechnicalefficiency,becausethe interactionbetweenfirm- andtime-specificdummiescreatestoo many
parametersto beestimated.
6. The romannumeralcoincideswith theequivalenttime-invariantechnicalefficiency model.The letterfol-
lowingthenumberis introducedto indicatethattechnicalefficiency is timevariant.
7. Recently,FecherandPestieau(1993)reportedtimevaryingtechnicalefficiencyestimatesfroma modelthat
doesnot incorporatefirm-specific dummyvariablesin the first step.The residualsfrom thefirst stepwere
regressedon timeandtimesquaredto calculatetechnicalefficiency indexes.The problemwith Fecherand
Pestieau'stwo-stageprocedureis that efficiency is assumedto be correlatedwith the inputsused in the
model,but this correlationis not accountedfor in the first step.Thus, if efficiency is associatedwith the
inputs,thentheparameterestimatesfrom thefirst steparebiased.Consequently,biasedparametersfromthe
first stagecouldleadto biasedefficiencyestimatesin thesecondstep.
8. The parameterestimatesfor thesecondsteparenotpresenteddueto spacelimitations.
References
Ahmad,Munir. (1993)."EconometricAnalysisof OutputGrowthUsing PanelData:The CaseofYermont Dairy
Farms."Doctoraldissertation,Universityof Connecticut.
Aigner, D. 1.,and S. F. Chu. (1968)."On Estimatingthe IndustryProductionFunction."American Economic
Review58, 826-839.
Aigner, D. 1.,C. A. K. Lovell, and R. 1.Schmidt.(1977)."Formulationand Estimationof StochasticFrontier
ProductionFunctionModels."Journal 01Econometrics6, 21-37.
414 M. AHMAD AND B.E. BRAVO-URETA
Baltese,G. E. (1992). "Frontier Production Functions and Technical Efficiency: A Survey of Empirical
Applicationsin Agricultural Economics."Agricultural Economics7, 185-208.
Baltese,G. E., andT. J Coelli. (1993)."A StochasticFrontierProductionFunction Incorporatinga Model for
TechnicalInefficiency Effects."Working paper,Departmentof Econometrics,University of New England,
Armidale,Australia.
Baltese,G. E., andT. J Coelli. (1992)."Frontier ProductionFunctions,TechnicalEfficiency and PanelData:
With Applicationto PaddyFarmersin India." TheJournal of ProductivityAnalysis 3, 153-169.
Battese,G. E., and T. J Coelli. (1988)."Prediction of Firm-Level Technical Efficiencies with a Generalized
FrontierProductionFunctionandPanelData."Journal of Econometrics38,387-389.
Baltese,G. E., T. J Coelli, and T. C. Colby. (1989)."Estimation of Frontier Production Functionsand the
Efficiencies of Indian Farms Using Panel Data From ICRISAT'S Village Level Studies." Journal of
QuantitativeEconomics5, 327-348.
Bauer, P. W. (1990). "Recent Developmentsin the Econometric Estimation of Frontiers." Journal of
Econometrics46: 39-56.
Bravo-Ureta,B. E., and A. E. Pinheiro. (1993)."Efficiency Analysis of DevelopingCountry Agriculture: A
Reviewof theFrontierFunctionLiterature."Agricultural and ResourceEconomicsReview22: 88-101.
Bravo-Ureta,B. E., andL. Rieger.(1991)."Dairy FarmEfficiency MeasurementUsing StochasticFrontiersand
NeoclassicalDuality."AmericanJournal of Agricultural Economics73,421-428.
Bravo-Ureta,B. E. (1986)."TechnicalEfficiency Measuresfor Dairy FarmsBasedon a ProbabilisticFrontier
FunctionModel." CanadianJournal ofAgricultural Economics34, 399-415.
Byrnes,1'., R. Fair,S. Grosskopf,andS. Kraft. (1987)."TechnicalEfficiency andSize:The Caseof Illinois Grain
Farms."EuropeanReviewofAgricultural Economics14,367-381.
Coelli, T. J (1992)."A ComputerProgramfor FrontierProductionFunctionEstimationFrontierVersion2.0."
EconomicsLetters39,29-32.
Cornwell,c., P.Schmidt,andR. C. Sickles. (1990)."ProductionFrontierswith Cross-SectionalandTime-Series
Variationin Efficiency Levels."Journal of Econometrics46, 185-200.
Dawson,P.J (1987)."Farm Specific TechnicalEfficiency in the Englandand WalesDairy Sector."European
ReviewofAgriculruralEconomics 14,383-394.
Dawson,I'. J, and J Lingard. (1982)."ManagementBias and Returnsto Scale in a Cobb-Douglas Production
Functionfor Agriculture."EuropeanReviewofAgricultural Economics19,7-24.
Fan, S. (1991)."Effects of TechnologicalChangeand InstitutionalReform on ProductionGrowth in Chinese
Agriculture."AmericanJournal ofAgricultural Economics73,216-275.
Farrell, M. J (1957)."The Measurementof ProductiveEfficiency."Journal of the Royal StatisticalSociety,
SeriesA (120),253-281.
Fecher,E, and P.Pestieau.(1993)."Efficiency andCompetitionin O.E.C.D. FinancialServices."In H. O. Fried,
C. A. Knox Lovell, and I'. Schmidt (eds.), The Measurementof Productive Efficiency Techniquesand
Applications.New York: Oxford UniversityPress,chapter16.
Gong, B.-H., and R. C. Sickles. (1989)."Finite SampleEvidenceon the Performanceof StochasticFrontier
Models Using PanelData."TheJournal of ProductivityAnalysis3, 229-261.
Good,D. H., M. I. Nadiri, Lars-HendrikRoller, and R. C. Sickles. (1993)."Efficiency andProductivityGrowth
Comparisonsof Europeanand U.S. Air Carriers: A First Look at the Data." The Journal of Productivity
Analysis4,115-125.
Griliches,Z. (1957)."Specification Bias in Estimationof ProductionFunctions."Journal of Farm Economics
39,8-20.
Hausman,J A. (1978)."SpecificationTestsin Econometrics."Econometrica46, 1251-1272.
Heady,Earl. O. (1946)."ProductionFunctionsfrom a RandomSampleof Farms."Journal o/Farm Economics
28,989-1004.
Hoch, I. (1976)."Returnsto Scale in Farming:FurtherEvidence."AmericanJournal ofAgricultural Economics
58, 745-749.
Hoch, I. (1962)."Estimation of Production Function ParametersCombining Time-Seriesand Cross-Section
Data."Econometrica30, 34-45.
Hoch, I. (1958). "SimultaneousEquation Bias in the Context of the Cobb-Douglas Production Function."
Econometrica26, 566-758.
TECH ICAL EFFICIE CY MEASURES FOR DAIRY FARMS 415
Hoch, I. (1955)."Estimationof ProductionFunctionParametersandTestingfor Efficiency."Econometrica23,
325 326.
Hughes,M. D. (1988)."StochasticFrontierCost Function for ResidentialChild Care Provision."Journal of
AppliedEconometrics3,203-214.
Kalirajan,K. P.(1991)."The Importanceof Efficient Use in theAdoption of Technology:A Micro PanelData
Analysis."Journal of ProductivityAnalysis2, 113-126.
Kumbhakar,S. C. (1990)."ProductionFrontiers,PanelData,andTime VaryingTechnicalInefficiency."Journal
of Econometrics27,201-211.
Kumbhakar,S. c., andA. Heshmati.(1995)."Efficiency Measurementin SwedishDairy Farms:An Application
of RotatingPanelData, 1976-88."AmericanJoumal ofAgricultural Economics3, 660-674.
Kumbhakar,S. c., and L. Hjalmarsson.(1993)."TechnicalEfficiency andTechnologicalProgressin Swedish
DairyFarms."In H. O. Fried,C. A. K. Lovell,andP.Schmidt(eds.),TheMeasurementof ProductiveEfficiency
TechniquesandApplications.New York: Oxford UniversityPress,pp.257-270.
Kumbhakar,S. c., S. Ghosh,and 1.T McGuckin. (1991)."A GeneralizedProductionFrontierApproach for
EstimatingDeterminantsof Inefficiencyin U.S. Dairy Farms."Journal ojBusinessand EconomicStatistics9,
279-286.
Kumbhakar,S.c., B. Biswas,andD.V Bailey.(1989)."A Studyof EconomicEfficiency of UtahDairy Farmers:
A SystemApproach."TheReviewof Economicsand Statistics71, 595-604.
Lovell,C.A. K. (1993)."ProductionFrontiersandProductiveEfficiency." In H. O. Fried,C. A. Knox Lovell, and
P Schmidt(eds.),TheMeasurementof ProductiveEfficiency:TechniquesandApplications.NewYork: Oxford
UniversityPress,ChapterI.
Maddala,G. S. (1979)."A Note on the Form of ProductionFunctionand Productivity."In Measurementand
Inte/pretationof Productivity.Washington,D.C.: NationalResearchCouncil, NationalAcademyof Sciences,
pp.309-317.
Meeusen,w., and1. vandenBroeck.(1977)."Efficiency EstimationFromCobb-Douglas ProductionFunctions
withComposedError."InternationalEconomicsReview18,435-444.
Mundlak,Y. (1961)."Empirical ProductionFunctionFreeof ManagementBias."Journal o/Farm Economics43,
44-56.
Mundlak,Y. (1978)."On thePoolingof Time-SeriesandCross-SectionData."Econometrica46, 69-85.
Pitt, M., and L. F. Lee. (1981)."The Measurementsand Sourcesof TechnicalInefficiency in the Indonesian
WeavingIndustry."TheJournal of DevelopmentEconomics9, 43-64.
Russell, N. P., and T Young. (1983). "Frontier Production Functions and the Measurementof Technical
Efficiency."Journal ofAgriculwral Economics34, 139-150.
Schilder,E., andB. E. Bravo-Ureta.(1994)."Amilisis deCosto en ExplotacionesLecherasde la RegionCentral
Argentinacon Algunas ComparacionesInternacionales."Selected paper presentedat the XXV Annual
Meetingsof theArgentineanAgricultural EconomicsAssociation,Mendoza,Argentina.
Schmidt,P.,andR. C. Sickles.(1984)."ProductionFrontiersandPanelData."Journal of BusinessandEconomic
Statistics2, 367-374.
Seale,1. L., Jr. (1990)."EstimatedStochasticFrontierSystemswith UnbalancedPanelData:The Caseof Floor
Tile Manufacturersin Egypt."Journal ofApplied Econometrics5, 59-74.
Seiford,L. M., and R. M. Thrall. (1990)."Recent Developmentsin DEA: The MathematicalProgramming
Approachto FrontierAnalysis."Journal of Econometrics46, 7-38.
Tauer,L. w., andK. P Belbase.(1987)."TechnicalEfficiency of NewYork Dairy Farms" NortheasternJournal
ofAgriculturalandResourceEconomics16, 10-16.
Turvey,C. G., and 1. Lowenberg-DeBoer.(1988). "Farm-to-FarmProductivityDifferencesand Whole-Farm
ProductionFunctions."CanadianJournal ofAgricultural Economics36, 295-312.
Young,T, and P. Russell. (1983). "Frontier Production Functions and the Measurementof Technical
Efficiency."Journal ofAgricultural Economics34, 138-150.
Zellner,A., 1. Kmenta,and 1. Dreze. (1966). "Specification and Estimation of Cobb-Douglas Production
FunctionModels."Econometrica34, 784-795.
For informationaboutcurrentsubscriptionratesand prices for back volumes for
Journal of ProductivityAnalysis, ISSN 0895-562X
please contact one of the customer service departments of Kluwer Academic Publishers or
returntheformoverleafto:
Kluwer Academic Publishers, Customer Service, P.O. Box 322, 3300 AH Dordrecht, the
Netherlands,Telephone (+31)78 524400, Fax (+31)78183 273, Email: services@wkap.nl
or
Kluwer Academic Publishers, Customer Service, P.O. Box 358, Accord Station, Hingham MA
02018-0358, USA, Telephone (1) 617 871 6600, Fax (1) 617 871 6528, Email:
kluwer@world.std.com
Call for papers
Authors wishing to submit papers related to any of the themes or topics covered by Journal of
ProductivityAnalysis are cordially invitedto prepare their manuscriptfollowing the 'Instructions
: forAuthors'.Please requestthese instructionsusing thecard below.
~-------------------------------------------------------------------------~--------
Author response card
Journal of Productivity Analysis
I intendtosubmitan articleon the followingtopic:
Please send medetailed 'Instructionsfor Authors'..
NAME
INSTITUTE
DEPARTMENT :
ADDRESS
Telephone
Telefax
Email
r-------------------------------------------------------------------------~-------.
Library Recommendation Form
Routevia InterdepartmentalMail
To theSerials Librarianat:
From:
Dear Librarian,
Dept./Facultyof:
I wouldliketo recommendour libraryto carry a subscriptionto
Journal of Productivity Analysis, ISSN 0895-562X
publishedby KluwerAcademic Publishers.
Signed: Date:
-------------------------------------------------------------------------------,
-------------------------------------------------------------------------------j
STAMP
REF.OPCr
TO :The Library
FROM:
Journal of Productivity Analysis
KluwerAcademic Publishers,
101Philip Drive
Assinippi Park
Norwell,MA 02061
U.S.A.
Request for informationabout currentsubscription ratesand prices for back volumes of
Journal of Productivity Analysis, ISSN 0895-562X
Please fill in and returnto:
Kluwer Academic Publishers, Customer Service, P.O. Box 322, 3300 AH Dordrecht, the
Netherlands
Kluwer Academic Publishe(s, Customer Service, P.O. Box 358, Accord Station, Hingham MA
02018-0358, USA
o Please send informationabout currentprogramand prices
o Please send a free sample copy
NAME
INSTITUTE
DEPARTMENT
ADDRESS
Telephone
Telefax
Email
VIA INTERDEPARTMENTAL MAIL
